The deviation of the measured value of the muon anomalous magnetic moment from the standard model prediction can be completely explained by mixing of the muon with extra vectorlike leptons, L and E, near the electroweak scale. This mixing simultaneously contributes to the muon mass.
I. INTRODUCTION
The measured value of the muon anomalous magnetic moment represents one of the largest discrepancies from predictions of the standard model (SM). There has been a variety of new physics models attempting to explain this deviation [1] . Most of the effort has been within the frameworks related to the explanation of the hierarchy between the electroweak (EW) scale and the grand unification (GUT) scale or the Planck scale.
However, we continue to see no signs of new physics related to solving the hierarchy problem at the LHC, and many well motivated possible explanations of the muon g-2 anomaly are now excluded. This motivates us to step back and see whether there are other simple ways to explain the anomaly, that are testable at the LHC, but not necessarily related to the naturalness problem of the electroweak symmetry breaking.
In this paper we show that the deviation of the measured value of the muon anomalous magnetic moment from the standard model prediction can be completely explained by mixing of the muon with extra vectorlike leptons, L and E, near the electroweak scale. This mixing simultaneously contributes to the muon mass. We find that the correlation between contributions to the muon mass and muon g-2 is controlled by the mass of the neutrino originating from the doublet L, that is given by the vectorlike mass parameter M L . Positive correlation, simultaneously explaining both measured values, requires this parameter to be small, M L 200 GeV. We further discuss implication of this scenario for Higgs decays, namely h → µ + µ − and h → γγ, and provide a UV embedding of this scenario with many attractive features.
The possibility of explaining the muon g-2 anomaly by mixing of the muon with extra heavy leptons was previously noticed in Refs. [2, 3] . The mass enhancement originating from the loop involving a heavy lepton is compensated by a small flavor violating couplings (which originate from the mixing and thus they are suppressed by the mass of the heavy lepton). Therefore, the new physics contribution to the muon g-2, with new fermions at or below the TeV scale, can be of the same order as the contributions of the W and Z bosons in the standard model. Similar effect can be obtained with a Z with flavor violating couplings of the muon to a heavier lepton, see for example Ref. [4] .
Indeed, in several scenarios with new leptons near the EW scale explored recently in Ref. [3] , it was found that the size of the muon g-2 anomaly is naturally of the same order as the contribution generated by heavy leptons, when their contribution to the muon mass is comparable to the physical muon mass. However, it was found that a positive contribution to the muon mass results in a negative contribution to the muon g-2 and vice versa. This was explored in the asymptotic limit of taking masses of extra leptons large while keeping the mixing with the muon constant (by increasing Yukawa couplings). We will show that this anticorrelation only happens in the asymptotic limit due to the dominance of the Higgs contribution. For smaller masses, it is the W contribution, controlled by M L , that dominates.
This reverses the sign of the correlation and a simultaneous explanation of the muon mass and muon g-2 from the mixing can be achieved, and it is fairly generic for small M L . 1 In addition, an arbitrary correlation can be achieved in between the small M L case, dominated by the W loop, and the asymptotic case, dominated by the Higgs loop.
Mixing of the muon with heavy leptons generically leads to a modification of the Higgs coupling to the muon [5] [3] . Thus, the decay rate of the Higgs boson to muon pairs is modified, and in the region of the parameter space that can explain the muon g-2 within 1σ, it ranges from ∼0.5 to ∼24 times the standard model prediction. A part of the parameter space is already excluded by the ATLAS search for h → µ + µ − , that with 20.7 fb −1 collected at 8 TeV sets the limit 9.8 times the SM prediction [6].
The scenario also allows for a sizable modification of h → γγ, since extra charged leptons can appear in loops mediating this process. This was recently extensively discussed in
Refs. [7] [8] [9] [10] , motivated by the observed rate for h → γγ at both the ATLAS and CMS experiments being significantly above the SM prediction at some point. However, with more data collected, the current ATLAS result is 1.65 ± 0.35 times the SM prediction [11] , while the CMS experiment finds 0.78 ± 0.27 [12] . In the region of the parameter space that can explain the muon g-2 within 1σ, limiting the size of Yukawa couplings to 0.5, motivated by a simple UV embedding, the branching ratio for h → γγ can be enhanced by ∼15% or lowered by ∼25%. Allowing Yukawa couplings of order 1 the h → γγ rate can be modified by ∼50%. The explanation of the muon g-2 anomaly and predictions for h → γγ are however not correlated, since these are controlled by independent parameters.
Models with flavor violating couplings are typically highly constrained by limits on a variety of flavor changing precesses. However, these constraints involve products of flavor violating couplings of two different light leptons, while for the explanation of the muon g-2 anomaly only the couplings of the muon to heavy leptons are necessary. We can therefore take the existing limits on flavor violating processes as constraints on other couplings in the model that are not necessary for the explanation of the muon g-2 anomaly.
While the extra vectorlike leptons, L and E, that mix with the muon are sufficient for the explanation of the muon g-2 anomaly, this does not have to be the full story. The model can be combined with other scenarios involving vectorlike fermions. For example, it is possible to embed it into recently discussed scenario with extra 3 or more complete vectorlike families [13, 14] featuring gauge coupling unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all the way to the GUT scale. In this scenario, predicted values of gauge couplings at the electroweak scale are highly insensitive to GUT scale parameters and masses of vectorlike fermions. They can be understood from IR fixed point predictions and threshold effects from integrating out vectorlike families. Furthermore, a model with extra Z and vector-like quarks was recently discussed as a possible explanation of the anomalies in Z-pole observables: the forward-backward asymmetry of the b-quark, and the lepton asymmetry obtained from the measurement of left-right asymmetry for hadronic final states [15, 16] . These two scenarios could also be combined, and a simultaneous explanation of anomalies in Z-pole observables and the muon g-2 could be obtained.
This paper is organized as follows. In Sec. II, we define the model and find expressions for couplings of Z, W and h to the SM and extra leptons. In Sec. III, we calculate contributions of extra leptons to the muon anomalous magnetic moment, qualitatively discuss expected results, provide results from numerical scans over the parameters space, and discuss the predictions from the regions that explain the muon g-2 for higgs decays, namely h → µ + µ − and h → γγ. We also discuss constraints from precision EW observables, current constraints from the LHC, and encourage further searches for extra leptons in a variety of final states at the LHC. In Sec. IV, we discuss a possible UV embedding of this model in the extension of the SM with three complete vector like families. We provide some concluding remarks in Sec. V.
II. MODEL
Quantum numbers of SM particles and extra vectorlike family (VF) are summarized in is given by Q = T 3 + Y , where T 3 is the weak isospin, which is +1/2 for for the first component of a doublet and -1/2 for the second component.
The most general renormalizable lagrangian for charged leptons is given by:
where the terms in the first line represent the usual standard model Yukawa couplings, (the sum over flavor indices is assumed), Yukawa couplings between SM leptons and leptons from VF, and between leptons from VF. Terms in the second line are mass terms for vectorlike pairs of leptons. We label the components of doublets as follows:
where v = 174 GeV is the vacuum expectation value of the Higgs field.
After spontaneous symmetry breaking the 5 × 5 mass matrix for charged leptons is given by:
and it is convenient to define 5-component vectors: L M e U R , which defines the mass eigenstate basis. We label the mass eigenstates by e a and for the lightest three eigenstates we will also use their names: e, µ and τ .
Before diagonalizing the full mass matrix, it is instructive to change the basis by a 
Since we are interested in modifying couplings of the muon, we assume that only (V †
, or in the basis where standard model Yukawa couplings are diagonal, it corresponds to λ
L,E is non-zero. This is the minimal scenario that does not modify standard model couplings of the electron and tau.
In this minimal scenario, masses of the electron and tau fully originate from their Yukawa couplings to the Higgs boson since they do not mix with heavy leptons. Therefore we can look at the 3 × 3 mass matrix for the muon and the extra heavy leptons separately:
where we use the same names for diagonalization matrices U L,R as for the matrices that diagonalize the general 5 × 5 matrix. We label their components by 2, 4 and 5 so that results are applicable to the general scenario. Similarly we label the heavy mass eigenstates by e 4 and e 5 .
In the limit
approximate analytic formulas for diagonalization matrices can be obtained which are useful for deriving approximate formulas for couplings of Z, W and h. In this limit, the two heavy
the diagonalization matrices are given by:
and
A. Couplings of the Z boson and photon
Couplings of the electron and τ to the Z boson are not modified from their SM values.
Couplings of other charged leptons to the Z boson are modified because the extra E L is an SU(2) singlet but it mixes with SU(2) doublets, and L − R originates from an SU(2) doublet but it mixes with SU(2) singlets. The couplings follow from the kinetic terms:
where the vectors of mass eigenstates areê La ≡ (μ L ,ê L4 ,ê L5 ) T and similarly forê R . The covariant derivative is given by:
where the weak isospin T 3 and the electric charge Q for a given field can be obtained from Table I . Defining couplings of the Z boson to fermions f a and f b by the lagrangian of the
we find the couplings of left-and right-handed fields:
where Q c = −1 is the same for all states; T )
can be written as:
Similarly, corrections to the usual SM value of the right-handed charged lepton coupling,
B. Couplings of the W boson
The couplings of the electron and τ to the W boson are not modified from their SM values. Couplings of other charged leptons follow from the kinetic terms:
Defining couplings of the W boson to neutrinos ν a and charged leptonsê b by the lagrangian of the form
we find couplings of left-and right-handed fields:
C. Couplings of the Higgs boson
In the minimal scenario that we are focusing on, couplings of the electron and tau to the Higgs boson are given by the SM relations, λ e,τ = m e,τ /v. This usual relation between the mass of a particle and its coupling to the Higgs boson does not apply to other charged leptons as a consequence of explicit mass terms for vectorlike fermions, M E and M L . The couplings of the Higgs boson for other charged leptons follow from the Yukawa terms:
where
Since the Y matrix is not proportional to the mass matrix given in Eq. (5) 
we find:
Noticing that Y v = M e − diag(0, M L , M E ) the Higgs boson couplings to mass eigenstates can be alternatively written as:
where the first term comes from the usual SM relation between fermion masses and their couplings to the Higgs boson and the second term represents contributions from the M L,E terms.
In the limit (6), the approximate analytic formulas for all the couplings of Z, W and h can be easily obtained from diagonalization matrices (7) and (8).
III. THE MUON ANOMALOUS MAGNETIC MOMENT
The discrepancy between the measured value of the muon anomalous magnetic moment [17] and the SM prediction,
that we will use in our analysis, is the average of evaluations of this discrepancy reported by several groups: 2.49 ± 0.87 × 10 −9 [18] , 2.61 ± 0.80 × 10 −9 [19] , and 2.87 ± 0.80 × 10 −9 [20] .
On average, the discrepancy is at the level of 3.4 standard deviations.
The contributions to the muon magnetic moment from extra fermions originate from the loop diagrams with the Higgs, Z and W bosons shown in Fig. 1 . Our calculation of these contributions, presented below, agrees with the results in Refs. [21, 22] and also in the revised version of Ref. [3] . For references to the original calculation of the Z, W , and h contributions in the SM, see Ref. [1] .
The contribution from the Higgs diagram is given by
where functions are as follows:
The contribution from the Z diagram is given by
(|g
2 , the couplings are given in Eqs. (12) and (13) with index µ ≡ e 2 , and the loop functions are as follows:
Finally, the contribution from the W diagram is given by
2 since the mass of ν 4 is given by M L . The couplings are given in Eqs. (21) and (22) with index µ ≡ e 2 , and the loop functions are as follows:
An interesting insight can be obtained by integrating out vectorlike leptons [3] . In the limit (6) the muon mass, after EW symmetry breaking, receives contributions from two terms:
where m 
In the limit M E M L M Z it was found that c = −1 [3] . This means that the contributions to the muon mass and muon g-2 are anticorrelated. Nevertheless, ignoring the wrong sign, the size of the contribution to the muon g-2 is what is needed to explain the measured value when the muon mass originates mostly from the mixing with vectorlike leptons.
However, this conclusion holds only in the asymptotic region M E M L M Z . We can obtain a simple approximate formula for ∆a µ even in the region of small M E and M L .
It turns out, that the formula (39) is still valid with c being a function of masses of extra fermions which can be written as:
The second part follows from c W ( 
, where the x Z is associated 2 In the derivation of this formula we used the fact that x h G h (x h ) varies very little with x h . A better
) when the masses of the two charged leptons are different, and c h (
with the heavier of the two leptons. Numerically, c Z (x Z ) −1/2 which is the asymptotic value of G Z (x Z ). For both masses close to M Z we find c Z ( The contributions to the c coefficient in Fig. 2 , for a given choice of parameters, are representative for a large range of M L and M E . The plots would be almost identical for any larger value of M E , and would only slightly change in the small M L region for M E as small as 100 GeV. All the Yukawa couplings only rescale the contributions to the muon g-2, different choices do not change the results qualitatively as far as the condition (6) is satisfied. 
B. Constraints
In the numerical scans over the parameter space that follow, we impose constraints from precision EW data related to the muon that include the Z pole observables (Z partial width, forward-backward asymmetry, left-right asymmetry), the W partial width, and the muon lifetime [23] . In the limit of small couplings (6) these constraints approximately translate into 95% C.L. bounds on λ E,L couplings:
These quantities squared represent modifications of the SM couplings of the Z and W to the muon, which can be obtained from Eqs. (15), (17), (21) and the diagonalization matrices (7) and (8) . We further impose constraints from oblique corrections, namely from S and T parameters [23] . Finally, we impose the LEP limits on masses of charged leptons which are required to be larger than 105 GeV. 
C. Scan over the parameter space: the muon g-2 and Higgs decays
Previous qualitative discussion of expected results is fully supported by numerical scans.
In Fig. 3 on the left we plot the contribution to the muon g-2 versus the contribution to the muon mass from the mixing with heavy leptons for randomly generated points with M L ∈ [100, 1000] GeV, M E ∈ [100, 1000] GeV,λ < 0.5, and λ L,E in allowed ranges from precision EW data. For simplicity, λ is set to 0 in these plots, because it should not have a significant effect on our results. In all the plots in this section the m Fig. 3 with additional randomly generated λ < 0.5.
originate from the mixing, m LE µ /m µ +1. On the right in Fig. 3 we plot the same points in ∆a µ -R µµ plane, where
This plot can be easily understood from Eq. From the qualitative discussion in the previous section we expect that allowing nonzero λ should not change the results dramatically. This can be seen in Fig. 4 which is obtained under the same conditions as Fig. 3 with additional randomly generated λ < 0.5. Additional λ coupling has however important consequences for h → γγ. If both λ andλ are nonzero, the h → γγ can be significantly modified. In Fig. 5 we plot the points from Fig. 4 in the ∆a µ -R γγ plane, where
In the plot on the left the color notation is the same as in Fig. 4 , namely it represent different regions of M L , while in the plot on the right different colors (shades) represent the mass of the lightest mass eigenstate which is more meaningful for h → γγ.
In the small M L case that can explain the muon g-2 within one standard deviation the R γγ can be decreased by about 25% or increased by about 15%. In the asymptotic case, R γγ is negligibly modified in the region that explains the muon g-2 within one standard deviation.
Some of the results presented so far depend on our upper limit on possible Yukawa couplings which we took to be 0.5. This upper limit is motivated by a simple UV embedding with nice features concerning the stability of the EW minimum of the Higgs potential, that we will discuss in the next section. This however is just one possibility and in principle larger values of Yukawa couplings should be considered on phenomenological grounds. Thus we also plot similar results assuming upper limit for all Yukawa couplings to be 1.
The randomly generated points extended toλ < 1 with λ = 0 are plotted in regions of M L , which can be seen in Fig. 7 . Nevertheless, as expected, the plots in Figs. 6 and 7 look qualitatively very similar.
Increasingλ and λ up to 1 significantly extends ranges of predictions for R γγ , given in Fig. 8 , especially for the asymptotic case. In the small M L case that can explain the muon g-2 anomaly within 1σ, the R γγ ranges between 0.6 and and 1.15; while in the asymptotic case the R γγ ranges between 0.9 and 1.5. In addition, the range of possible masses of the lightest extra charged lepton significantly expands, see Fig. 8 on the right. Withλ, λ < 1 for the small M L case that can explain the muon g-2 anomaly within 1σ the mass of the lightest extra charged lepton, m e 4 , has to be at most ∼250 GeV, while withλ, λ < 0.5 the maximum mass is only ∼150 GeV. 
D. Light charged leptons at the LHC
This scenario, especially the small M L case that can explain the muon g-2 anomaly could be searched for at the LHC. The LHC phenomenology of extra leptons was discussed for example in Refs. [5, 24, 25] , [3] . The pair production cross section of extra leptons with masses of order 100 GeV is about 1pb at the LHC at 8 TeV (and it is steeply falling with increasing the mass). Extra leptons decay into Z, W or h and a light lepton. The decay branching ratios are typically comparable and so the signatures of this scenario are spread over a variety of final states. Especially for small masses of charged leptons the branching ratios highly depend on the Yukawa couplings.
So far limited searches have been done. A search motivated by heavy leptons specific to
, where l is either e or µ, to about 200 fb for heavy leptons with the mass 100 GeV [26] . There is also a similar search at CMS for both heavy leptons decaying through W [27] . In addition to these specific searches there are also general searches for anomalous production of multi lepton events [28] that constrain specific decay modes of heavy leptons.
However, in addition to the dependance of the branching ratios on Yukawa couplings within the scenario we discussed, these in principle also depend on couplings that are not necessary for the explanation of the muon g-2. For example, heavy leptons can dominantly decay into τ leptons reducing the number of light leptons in final states. Due to limited existing constraints, all the scenarios we discuss are or easily can be made viable. This could dramatically change with further searches for heavy leptons covering all the decay modes in near future. In addition, improving the limits on h → µ + µ − , that already constrain parts of the parameter space, is highly motivated even if the sensitivity to the SM prediction for this process cannot be reached soon.
Finally, the charged leptons relevant to the asymptotic solution are far beyond the current reach of the LHC. However, this solution can still be highly constrained by improving the limits on h → µ + µ − .
IV. A POSSIBLE UV COMPLETION
The model with extra vectorlike leptons can be embedded into recently discussed scenario with extra 3 or more complete vectorlike families [13, 14] . This scenario features gauge closely follows [13, 14] with the only exception that we use 1-loop RGEs for Yukawa and
Higgs quartic couplings. We use 2-loop RGEs for gauge couplings as in Ref. [13, 14] .
The evolution of gauge couplings is almost identical to examples given in Ref. [13, 14] . 
